A B S T R A C T Two alternative mechanisms have been proposed for tubular reabsorption of bicarbonate: (a) H' secretion and CO2 reabsorption and (b) direct reabsorption of HCO3. In an attempt to differentiate between the two mechanisms, the present study utilized the natural abundance of stable carbon isotopes ('3C, '2C) in the urinary total CO2. This novel methodology used mass spectrometric analysis of 13C/12C ratios in urinary total CO2 under normal conditions and during acetazolamide treatment. Blood and respiratory CO2 were analyzed to yield reference values.
A B S T R A C T Two alternative mechanisms have been proposed for tubular reabsorption of bicarbonate: (a) H' secretion and CO2 reabsorption and (b) direct reabsorption of HCO3. In an attempt to differentiate between the two mechanisms, the present study utilized the natural abundance of stable carbon isotopes ('3C, '2C) in the urinary total CO2. This novel methodology used mass spectrometric analysis of 13C/12C ratios in urinary total CO2 under normal conditions and during acetazolamide treatment. Blood and respiratory CO2 were analyzed to yield reference values.
The results demonstrate that alkaline urine is preferentially enriched with 13C relative to the blood. It is suggested that this fractionation results from reaction out of isotopic equilibrium in which HCOS converts to CO2 during the reabsorption process in the distal nephron. The presence of carbonic anhydrase in the proximal nephron results in rapid isotopic exchange between CO2 and HCO-and keeps them in isotopic equilibrium. The ratio of urinary 13C/12C increases strikingly after acetazolamide administration and consequent inhibition of carbonic anhydrase in the proximal tubule. Although it is possible that in the latter case high HCO3 generates the CO2 (ampholyte effect), the isotope fractionation indicates that CO2 rather than HCO-is reabsorbed. In contrast, at low urinary pH and total CO2 values, the carbon isotope composition approaches that of blood INTRODUCTION More than 99% of the filtered load of bicarbonate is reabsorbed along the nephron under normal conditions. Although the relative contribution of each nephron segment to this process is established, the mechanism of HCO3 reabsorption is hotly debated. Pitts and Alexander (1) originally proposed that bicarbonate reabsorption and urinary acidification are mediated by H+ secretion (1, 2) . Accordingly, the secreted protons combine with the filtered bicarbonate in the tubular lumen. The carbonic acid thus formed is then dehydrated to CO2 and water, with the catalytic aid of the carbonic anhydrase present at the brush border.
This theory was challenged by Brodsky and Schilb (3) and Maren (4, 5) , who argued against H+ ion secretion as the sole mediator of bicarbonate reabsorption. They suggested direct HCO3 transport as an important alternative mechanism. The experimental data favoring H+ secretion are based largely on the demonstration of a negative disequilibrium pH either in the proximal nephron during carbonic anhydrase inhibition (6) (7) (8) (9) or spontaneously in the distal nephron (6) (7) (8) .
The finding of a more acidic pH in situ under these conditions was assumed to indicate an accumulation of carbonic acid above its equilibrium concentration, thus favoring H' ion secretion (10) . Nevertheless, the recent demonstration by several laboratories, that CO2 tension in the proximal (11) (12) (13) (14) as well as in the distal tubule exceeds the systemic arterial Pco2, casts doubt on the validity of the previously reported disequilibrium pH values. Recently, measurements of disequilibrium pH were performed in vivo by DuBose et al. (9) , using a new aspiration pH electrode. This showed no disequilibrium in the distal tubule under normal conditions. In vivo negative disequilibrium pH was also found in the collecting duct (15, 16) .
The demonstration of high tubular Pco2 raised the question whether there was a limitation in transepithelial CO2 diffusion. The presently available experimental data are conflicting. Results compatible with very high permeability of tubular epithelium to CO2 were obtained by DuBose et al. (12, 17) , Warnock and Rector (18) , and Schwartz et al. (19) . In contrast, studies by Malnic and Mello Aires (20) and Sohtell (21) suggest that a transepithelial diffusion barrier for CO2 might exist.
Finally, another disputed issue is the interpretation of increased urine minus blood Pco2 gradient during bicarbonate infusion. Originally, it was proposed that H' secretion into bicarbonate rich tubular fluid in the distal nephron resulted in the formation and subsequent delayed dehydration of carbonic acid. In fact, urine minus blood Pco2 gradient has been used as a semiquantitative index of H' secretion in the distal nephron (22) (23) (24) , but this assumption has recently been questioned by Arruda and co-workers (25, 26) and Maren (27) . Both groups suggest that the increased Pco2 in highly alkaline urine is a result of the physicochemical properties of the bicarbonate solution, the so-called "ampholyte" effect, rather than as a result of distal secretion of H' ion.
In spite of an increasing interest in the theoretical aspects of the renal CO2 system and the latest methodological progress in this field, which has been summarized in two excellent recent reviews by Malnic (28, 29) , no consensus on HCO3 reabsorption has been reached. In the hope of clearing up this problem, we introduced a new method for studying the renal CO2 system. The method is based on measurements of stable carbon isotopes ('3C/'2C) ratios in total CO2 (TC' = CO2-+ HCO3 + H2CO3 + CO2) of urine samples and interpretation of the results in terms of natural isotopic fractionation during the process of urine formation. ' Abbreviations used in this paper: a, fractionation factor; BTC, blood TC; 6, deviation in isotopic values; f, fractional excretion of TC; TC, total CO2; UTC, urinary TC. In recent years, although application of stable carbon isotopes as tracers has become a standard technique in various biomedical fields (30) (31) (32) (33) (34) , natural changes in isotope ratios due to biochemical reactions have not received much attention.
Carbon isotopes resemble one another in their atomic structures, but they differ somewhat in their chemical and biochemical properties (35) and thus the 13C/'2C ratio varies among natural materials (35, 36) . In other words, carbon isotopes are fractionated between chemical species involved in reactions.
The present study reports variations in carbon iso- Thus, in 6 notation, 5'3C of HCO-is 6%o larger (or heavier) than 6'3C of CO2 at 370C.
It is important to note that 6b3C measurements are not performed separately on dissolved CO2 or HCO-. They are made on the TC gas that is extracted from a urine sample. For this reason, the results are a weighted average of 613C of dissolved CO2 and HCO-(and in fact also H2CO3 and COB-). In equilibrium systems that exchange rapidly with an infinite reservoir of CO2 gas, 613C of total dissolved CO2 is thus a function of pH (and temperature). It becomes lower at low pH (-4) , where the dissolved species are dominated by CO2 and becomes --6%o higher at pH of 7, where HCO-is the dominant species. If we assume isotopic equilibrium, 613C of both CO2 and HCO-can be estimated from measurements of 613C of total dissolved CO2 (613CTC):
'3C,02 + 6 (5'3C HCO0 (at 370C), (4) '13CTC = (5'3CCC2. (CO2/TC) + 613CHCOK* (HCO-/TC). (5) Relative proportions of CO2 and HCO-are determined from chemical equilibrium reactions (Appendix I). The same logic is used in calculating 5'3C of arterial blood from 6'3C of venous blood and respiratory CO2 (Eq. 10 below).
Carbonate ion and H2CO3 were neglected in Eq. 5. The former species is relatively rare in most cases, and becomes more significant only at elevated pH values (Appendix I). In addition, isotopic fractionation between CO2-and CO2 is fairly similar to HCOand CO2 fractionation. The fractionation factor is a(co3-co2) = 1.0064 (39) . The isotopic composition of H2CO3 is unknown, but this species is also very rare (Appendix I) and does not pose a problem in estimating isotopic compositions.
Isotopic distillation. A major goal of the present study was to understand the isotopic effects of the conversion of bicarbonate to CO2. Since CO2 has less 13C than does HCO-, removal of CO2 from a solution containing both CO2 and HCO-should enrich the solution in 13C. If quilibrate (isotopically), the TC in the system will become progressively more and more enriched in "3C. Similar isotopic distillation is known to occur in natural processes and has been studied in detail, especially in connection with evaporation of water (40, 41) .
The degree of "3C enrichment (or b'3C increase) in the remaining TC expressed as a function of a fraction (f) of the amount at the beginning of the process, can be easily calculated:
b'3C final = (1,000 + V53C initial) X -1,000, (6) where a is the fractionation factor between CO2 and HCO3 (-1.006 at 370C). For population (42, 43) and is determined by the isotopic ratio in the diet (43) (44) (45) . There is a relatively large reservoir of carbon in the body, which is not easily affected by occasional meals (33, 46) .
METHODS
Test group. Six healthy (serum creatinine 0.8-1.1 mg/ 100 ml) volunteers (age 25-37 yr, from the Department of Geology at the Hebrew University of Jerusalem), provided a total of 44 urine samples. All the volunteers had normal capability for acidifying urine. Each individual gave a morning urine sample, two or three samples of daytime urine, and two or three samples after oral administration of 500 mg acetazolamide in one dose. Three of them gave two samples after oral administration of 80 mg furosemide (Lasix) in one dose.
Experimental procedure. Each volunteer voided in a slow stream and completely filled a 100-cm3 glass bottle and then closed it hermetically. This precaution was taken in order to minimize CO2 escape. The samples were analyzed from within a few minutes up to 2 h after urination. Immediately after opening the sample, pH was determined (accuracy, ±0.05 pH units), and the bottle sample connected to the CO2 extraction line (Fig. 1) . UTC (Fig. 3) .
Morning samples and furosemide treatment samples fall within the normal range and do not define discrete groups (Figs. 2, 3 ).
The relationships between pH and 6'3C are shown in Fig. 4 Total CO2 FIGURE 3 613CTC VS. UTC in all urine samples (see Table III ). Total CO2 is given in millimoles per liter. Analyses of respiratory CO2 and blood TC are reported in Table II . The average blood TC has 5'3C = -20.6±0.7%7o, whereas the average 5'3C of respiratory CO2 is -24.3±1.1oo. Very similar fractionation levels of -19%o and -23%o in BTC and metabolic C02, respectively, have been reported previously (42) .
Since most of the BTC consists of HCO-, these results are consistent with the experimental data that demonstrate depletion in '3C in dissolved CO2 with respect to coexisting HCO- (38, 48 (Fig. 3) model of bicarbonate reabsorption through CO2 generation and opposed to direct HCO-transfer as suggested by Brodsky and Schilb (3) and Maren (4, 5) . The case of carbonic anhydrase inhibition calls for special attention. High Pco2 values have been measured during acetazolamide treatment, as well as during bicarbonate loading (2, 23, 25) . The cause of the high Pco2, however, is controversial. While Maren (27) and Arruda et al. (25, 26) attribute CO2 formation from HCO-to ampholyte effect, Stinebaugh et al. (23, 24) claim that this effect alone cannot account for the phenomenon. Recently, DuBose and associates (16) reviewed the theories for the high urinary Pco2 and claim that delayed dehydration and the CO2 counter-current system play an important role in determining urinary Pco2. Our data are insufficient to resolve this problem, but they seem to indicate that whatever the source for the high Pco2, the carbon isotopic enrichment results from CO2 transfer and not from direct HCO-reabsorption. The results shown in Fig. 4 change the isotopic ratio. The change in ratio is consistent with the interpretation that reabsorption of HCO-is through its transition to CO2. Similarly, the possibility of HCO-excretion that might enrich the total CO2 with 5'3C is still consistent with our interpretation, since it fits the increase in 6'3C with the increase of HC03 concentration.
CO2 permeability. From the ongoing discussion it might appear that "3C enrichment should proceed until completion of urine formation. However, our data show that in low UTC, V13C is decreased (second category) (Fig. 3) . To explain the results, it is necessary to consider variations in acidity. While pH is maintained above 7 in high UTC (30 mmol/liter), it decreases rapidly when UTC falls (Fig. 2) . Consequently, the fraction of HCO-in UTC becomes smaller and smaller while the CO2 fraction is increased (Fig.  2) . Since only the HC0-can become enriched in '3C in isotopic distillation (Eq. 6), it is not surprising that b53CTC which represents the contribution of both CO2 and HC0-, does not increase with the decline in pH and UTC. There are linear relationships between 5'3CTc and HCO/TC (Eq. 9); at extremely low pH (<4.5), when HC0-is practically zero and the total CO2 consists of CO2 only, 513C approaches -25.2%o (Fig. 6 ). This value seems to fit rather closely the value of blood CO2 (-25.76%o), indicating that, as previously suggested (12, (16) (17) (18) (19) , CO2 diffuses freely in both directions of the nephron membrane. As the blood reservoir of CO2 is far greater than the amount in the distal nephron, the CO2 passage renders 5'3C of tubular CO2 constant (--25.5%o).
We thus conclude that 613C of UTC is the weighted average between HCO-, which is enriched in 13C according to Eq. 6, and CO2 with '3C of -25.5%o.
Quantitative model. Keeping in mind the issues of isotopic distillation in HCO-and free passage of C02, we can now take a more quantitative approach to the process of 6'3CTC changes during urine formation.
The Fig. 7 along with the actual data. Despite the simplicity of the model, it is capable of predicting the major trends of changes in isotopic ratio during urine formation (r = 0.96). In the upper part of Fig. 7, 3 '3C of the remaining HCO-is plotted. Despite its high V3C at low UTC, the HCO-contribution to the total CO2 composition becomes smaller and smaller with the reduction of HCO because of decreasing pH. Table III ) (r = 0.96). The upper plot is calculated 6'3C of HCO-(increased with the reabsorption). The lower plot is the weighted 6'3C of TC due to contribution of HCO-(as plotted) and CO2 with 613C of -25.5%o. Urine total CO2 is given in millimoles per liter.
The model 6'3C is somewhat higher than the observed values. This greater enrichment can be explained by certain isotopic exchanges between HCO-and CO2 in the distal tubule which are not taken into account by the model. Kinetic effects. Finally, it is necessary to consider kinetic effects on isotopic fractionation. It has been demonstrated that where a nonreversible reaction occurs, the heavier isotopes are concentrated in the remaining reactant. Thus, it might be proposed that "3C enrichment in UTC is the result of kinetic fractionation that occurs during direct HCOj transfer through the luminal membrane. This mechanism is unlikely, for it cannot explain the higher '3C enrichment that occurs during acetazolamide treatment. In turn, 5'3C of acetazolamide-treated samples seems to fit isotope distillation with fractionation factor (a) of magnitude similar to that derived experimentally for the system CO2 -HCO- (38) . In addition, high CO2 permeability is indicated by decreasing 5'3C of low pH samples.
The schema in Fig. 8 Below, we derive the Rayleigh distillation equation, which is useful for isotopic distillation processes.
We let A and B designate the amount of the species containing the abundant and rare isotopes, respectively (H12CO-and H'3CO-, for example). The reaction rate of each species is proportional to its abundance, and the rate of reaction of each species is different (H 12CO has a slower rate). dA = -KA *A,
dB = -KB * B,
dA A dB = a-B. (3C/'2C) final = fl-a (26) ('3C/12C) initial 
By arrangement, we obtain Eq. 6:
613C final = (1,000 + 6'3C initial) -fl--1(000
The CO2 produced in the reaction is 6%o depleted in 613C with respect to HCO3 (at 37°C). Thus, the fractionation factor a equals 1.006.
